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Healing After Myocardial Infarction in the Dog: Changes in Infarct 
Hydroxyproline and Topography 
BODH I. JUGDUTT, MBCHB, MSc, FACC,* ROGER W. M. AMY, MDt 
Edmonton, Alberta, Canada 
Temporal changes in infarct collagen and left ventricular 
topography during healing after myocardial infarction 
were studied in 132 dogs with coronary artery ligation: 
S sham dogs and 13 with no infarction (controls) and 
111 with infarction (3 at 1 day. 54 at 2 days, 25 at 7 
days, 3 at 2 weeks, 9 at 4 weeks and 17 at 6 weeks). 
Myocardial hydroxyproline (a marker of collagen) was 
measured by spectrophotometry and pathologic infarct 
size, arteriographic occluded bed size and topography 
by computerized planimetry of weighed left ventricular 
rings. Over 6 weeks, hydroxyproline was unchanged in 
normal regions (average 4.20 mg/g dry weight) but in•
creased progressively between 7 days and 6 weeks (9.94 
versus 55.55 mg/g, p < 0.001) in infarct zones. Pro•
gressive infarct contraction occurred over 6 weeks, with 
infarct size at 6 weeks being 40% less than at 2 days 
(9.7 versus 16.3% of the left ventricle, p < 0.001), al•
though total infarct hydroxyproline was directly related 
to infarct size at each time period (r = 0.73 to O.Sl, p 
:S 0.05). 
Significant (p :s 0.05) left ventricular topographic 
Healing after acute myocardial infarction generally results 
in a firm, contracted, inelastic scar. In humans, infarct heal•
ing takes place over 6 weeks to 6 months, depending on 
infarct size (1). Also in humans, acute inflammation pre•
dominates in the first week, chronic inflammation in the 
second week and collagen deposition in the third week and 
thereafter (2). Ventricular aneurysm formation (3) and car•
diac failure (4) contribute to late morbidity and mortality. 
Changes in left ventricular topography, with infarct expan-
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changes in infarct hearts compared with control hearts 
included: 1) increase in cavity area (5.0 versus 3.9 cm2), 
endocardial circumference (S.S versus 7.4 cm) and ex•
pansion index (infarct/normal endocardial segment length, 
1.21 versus 1.02) by 7 days; and 2) decrease in thinning 
ratio (infarct/normal wall thickness, 0.71 versus 0.9S) 
by 6 weeks. Also, compared with 2 day infarcts, by 6 
weeks infarct area was decreased (l.S versus 3.4 cm2) 
and the noninfarcted segment length increased (6.9 ver•
sus 5.4 cm). Changes in hydroxyproline and topography 
were similar for anterior (n = 54) and posterior (n = 
57) infarcts. 
Thus, healing in canine infarcts is associated with 
cavity dilation and infarct expansion within 7 days fol•
lowed by infarct contraction and thinning by 6 weeks, 
whereas collagen increases between 7 days and 6 weeks. 
Collagen deposition in expanded and thinned infarct seg•
ments explains the permanent regional shape distortion 
associated with ventricular aneurysms. 
(J Am Coil CardioI1986;7:91-102) 
sion (thinning, stretching and dilation of the infarcted seg•
ment) in the first few days, have been shown to impair 
cardiac function and increase early morbidity (5,6). Early 
infarct expansion is thought to playa role in the pathogenesis 
of cardiac rupture (7), which occurs in 10 to 20% of fatal 
cases of infarction (8) usually within 6 days of infarction 
(9), through an area of recent infarction free of fibrosis (10). 
It is possible that, during healing, collagen deposition in 
infarct segments that have undergone early expansion might 
contribute to the permanent regional shape distortion as•
sociated with ventricular aneurysms. The size, thickness and 
collagen content of the scar after infarction might be im•
portant determinants of myocardial performance and prog•
nosis in survivors of acute myocardial infarction. Although 
the dog model is widely used to study the effect of therapy 
on infarct size (11,12), these aspects of healing after in•
farction have not been characterized in the dog. Early top•
ographic and structural changes after infarction have re•
cently been reported in rats (13-15). The aim of this study 
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was to determine the temporal changes in infarct hydrox•
yproline (a marker of collagen) content and left ventricular 
topography after coronary occlusion in the dog. 
Methods 
Experimental preparation. One hundred seventy healthy 
mongrel dogs weighing 14 to 24 kg were anesthetized (so•
dium pentobarbital, 30 mg/kg intravenously) and ventilated 
with room air through a cuffed endotracheal tube, and a left 
lateral thoracotomy was performed. A silk ligature was placed 
around the left anterior descending coronary artery, distal 
to the first diagonal branch, or around the left circumflex 
coronary artery, distal to the first marginal branch, and tied. 
The chest was closed, penicillin (1 million U) and strep•
tomycin (1 g) were given intramuscularly and the dogs were 
returned to their cages. Before being killed, the dogs were 
reanesthetized with pentobarbital (30 mg/kg intravenously) 
and the hearts were exposed by thoracotomy. The hearts 
were arrested in diastole with an overdose of intravenous 
potassium chloride, excised, washed in normal saline so•
lution and weighed. 
Protocol. Eight dogs were used as sham dogs (7 days, 
n = 7; 6 weeks, n = 1) and 162 dogs with coronary artery 
ligation (81 anterior descending and 81 circumflex) were 
randomly allocated at first to three groups (54 for 2 day 
infarcts, 54 for 7 day infarcts and 54 for 6 weeks infarcts). 
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Because of increasing morbidity (congestive heart failure 
with anasarca or cachexia, or both) and mortality with time 
since infarction, 38 dogs that died overnight in the cages 
after coronary ligation were excluded from analysis, and 19 
dogs were sacrificed after ligation; this resulted in three more 
groups (1 day, n = 3; 2 weeks, n = 3; 4 weeks, n = 9) 
and in different numbers in the three original groups (2 days, 
n = 58; 7 days, n = 29; 6 weeks, n = 22) for final analysis. 
None of these dogs were used in previous studies and none 
received other drugs. The number of anterior and posterior 
infarcts in the final groups were comparable. 
Measurement of occluded bed size and infarct size. 
Postmortem stereoscopic coronary arteriography was per•
formed on fresh hearts to define anatomic boundaries of the 
occluded bed as described previously (11,12). Briefly, si•
multaneous injections of a barium sulfate gelatin mass were 
made under controlled pressure of 160 mm Hg by means 
of cannulas placed at the origins of the right, left circumflex 
and anterior descending coronary arteries, and distal to the 
ligation. No dye was incorporated because it was found to 
interfere with the hydroxyproline assays. The injected heart 
was packed with gauze to preserve diastolic proportions, 
fixed in 10% phosphate-buffered formalin for 48 hours and 
radiographed in two perpendicular planes. Five equally spaced 
transverse sections (1 to 1.5 cm thick) were then made from 
the level of the coronary occlusion to the apex (Fig. lA), 
and stereoscopic section radiographs were taken. Bounda-
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Figure 1. A, Method of sectioning the 
heart. Five sections of the left ventricle 
were made below the site of coronary li•
gation. Areas of infarct and arteriographic 
occluded bed were measured by planim•
etry. LAD = left anterior descending 
coronary artery; LC = left circumflex 
coronary artery. B, An actual map (mag•
nified) of the infarct, occluded bed and 
left ventricular (LV) ring at the papillary 
muscle level generated by computerized 
planimetry. The center (0) of the inner 
endocardial contour (excluding papillary 
muscles) was computed. Points along in•
ner and outer contours are at 5° intervals. 
Measurements were made along selected 
radii and between appropriate pairs of 
points in the wall and along circumfer•
ences. Radii were drawn at intersections 
of the inner ring with the infarct and ex•
tended to the outer ring (large dots). Be•
tween these extreme radii, wall and in•
farct thicknesses were measured and 
averaged. Similar measurements were 
made between radials mirrored on the op•
posite normal wall. Intersections of the 
occluded bed boundaries with the rings 
(rl-r4) and the right ventricle with the outer 
left ventricular ring (X and Y) were also 
recorded. a = angular extent of infarct. 
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ries of the occluded bed were marked on 5.ection radiographs 
by consensus of two observers, at the "watersheds" be•
tween terminal branches of occluded and unoccluded arter•
ies (11,12). 
The left ventriculur transverse sections were weighed 
after removing the right ventricle, fatty and valvular tis5.ue, 
large epicardial vessels, fibrous connections and pericardial 
adhesions. Outlines of the ventricular rings and infarcts were 
then made on plastic overlays and markings of occluded 
beds copied from section radiographs (11,12). Using com•
puterized planimetry (HP 9835A and digitizer HP 9tn4A), 
the following were computed for each section: areas of 
ventricular rings and cavities; areas of infarct. occluded bed 
and noninfarcted myocardium; thicknesses of infarct and 
ventricular ring along radials at 5° angular intervals (Fig. 
lB); endocardial lengths of infarct and noninfarct ~egments; 
circumferences of the rings and infarcts; and mass of the 
infarct and occluded bed for each ring by relating the average 
areas (top and bottom surfaces) to the weight of the ring 
(11.12). Total infarct and occluded bed masse~ were then 
computed for each heart by summing values for each ring. 
The "thinning" ratio and "expansion index" were calcu· 
lated using a modification of the method of Eaton and Bulk•
ley (6) (Fig. 2). Similar measurements. except for illfarct~ 
that were absent, were made III sham-operated heart~ (II '-
8) and hearts with no infarct (n = 13). 
Determination of total hydroxyproline content. 
1 ransl11ural myocardial ti~:.ue sampk:. were taken trom the 
central zone of the infarct ur occluded bed and the center 
of the nonoccluded bed in the 132 hearts Sample~ were 
taken in duplicate from two consecutive tranwer~e ~cction~ 
in the midventricular region between the occlu~ion and left 
ventricular apex (fig. 3A). after removal of a 5 mm ~licc 
of the upper surface of the first midventricular section for 
histologic study. Pericardial adhesions were carefully dis•
carded and the samples weighed (100 to 200 mg). freeze-
Figure 2. Method of calculating expansion mdex and thinning 
ratio in a midventricular section with a posterior infarct (stippled 
area). A line was drawn from the midpoint of the ~eptum between 
anterior (A) and posterior (P) Junctions with the right ventricle. 
perpendicular to the ,eptum, to meet the free wall x = endocardial 
length of infarct-containing segment; y = endocardial length of 
noninfarct-containing segment; expansIon index = x/y. thinning 
ratio = alb. 
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Figure 3. Methods of sampling for hydroxyproline. A, Trans•
mural samples for total hydroxyproline in the infarct (stippled 
area) and normal wall. B, Transmural samples from border (bJ, 
margin (m) and center (c) mfarct regions for hydroxyproline dis•
tributIOn across the infarct C, Transmural infarct and normal wall 
samples were divided mto epicardial (epi). rmdwall (mid) and 
endocardial (endo) thirds for distribution across the wall. 
dried to constant dry weight (12 hours), reweighed and 
hydrolyzed in 6N hydrochloric acid at l25°e for 3 hours 
and 200 psi pressure in an autoclave. Instead of neutraliza•
tion and decoloration, 1 ml aliquots of the acid hydrolysate 
were evaporated, washed with 1 ml water and redried in 
the same tubes as described by Bergman and Loxley (16). 
Hydroxyproline content was measured on a spectrophoto•
meter (Umcan SP-1800), using the method of Neuman and 
Logan (17) as modified by Martin and Axelrod (18), and 
expre~sed in mglg dry tissue weight. For the regional di:-.•
mbution of hydroxyproline acro:-.~ the infarct. tran~mural 
samples were taken from the center as well as margin and 
border regions of the infarct in g8 heart:-. (Fig. 3B). The 
distnbution of hydroxyproline across the wall was measured 
111 12 hearts with no infarct (8 sham, 4 ligated) from dogs 
killed at 7 days (11 ~. 6) or 6 weeks (n = 6) and 14 infarcted 
heart~ (9 at 7 days and 5 at 6 weeks). Transmural blocks 
of tissue from the center of the two coronary beds were 
divided into epicardiaL middle and endocardial thirds for 
assay (Fig. 3C). 
Histology. Slices from midventricular sections of the 
132 hearts were used for histologic study. Slices were de•
hydrated, cleared. embedded, cut into 5 JLm sections and 
mounted on 6 x 4 em slides. Triplicate sections were stained 
with hematoxylin-eosin, Mallory's stain or Masson's tri•
chrome. respectively. Most sections had to be cut into halves 
for mounting, but large slides of whole ventricular sections 
were made for projection and planimetry in selected hearts 
(25 infarcts). 
Statistics. Data at different steps of collection were coded. 
The following statistical methods were used: 1) analyses of 
vanance (ANOY A) for significance of differences within 
and among groups, with Tukey's test for mUltiple compar· 
isons; and 2) linear regression analysis by the least square 
fit method, and the significance of r values and slopes by 
ANOY A. Data are presented as mean ± SEM. Statistical 
significance wa~ set at a probability level of 0.05 or less. 
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Results 
Data on 132 hearts from dogs that survived up until 
sacrifice (8 sham, 13 with no infarct and III with infarct) 
are presented. Of these, 59 had left anterior descending and 
65 had left circumflex artery ligation, resulting in 54 anterior 
and 57 posterior infarcts, respectively. Hearts with no infarct 
had a small occluded bed «20% of left ventricular mass). 
The 38 dogs (22%) that died before scheduled sacrifice were 
excluded from analysis. No differences between anterior 
descending and circumflex occlusions were observed for 
data on hydroxyproline and topographic changes, so that 
the results were pooled. 
Histology. The following features were observed in ne•
crotic areas of the 111 infarcted hearts: I) increased eosin•
ophilia of myocardial fibers; 2) loss of cross-striations with 
increased granularity of cytoplasm; 3) waviness and thinning 
of fibers; 4) contraction bands; 5) pyknosis and karyolysis; 
6) inflammatory cell infiltration; and 7) vascular, fibroblastic 
and collagenous proliferation (l,2). Coagulation necrosis 
predominated, with few contraction bands at the periphery 
in 2 day infarcts. By 7 days, fibroblasts were evident as 
spindle-shaped cells with elongated nuclei at the border of 
necrotic muscle, beneath the epicardium. By 4 to 6 weeks, 
dense scar tissue was predominant. Although shrinkage oc•
curs with formalin fixation and processing for histologic 
study, causing underestimation oftissue size, measurements 
across groups remain valid. 
Hydroxyproline in normal and infarct zones. Trans•
mural myocardial hydroxyproline content in central zones 
of infarct or occluded bed and the nonoccluded bed from 
132 hearts is summarized in Figure 4. During the 6 weeks, 
hydroxyproline content in the nonoccluded bed averaged 
4.20 ± 0.06 mg/g in the 132 hearts. This was similar to 
values from the center of the occluded bed in the 13 dogs 
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with no infarct (4.07 ± 0.23 mg/g) and 8 sham dogs (4.33 
± 0.17 mg/g), with no difference between 2 days and 6 
weeks (Fig. 4). In addition, in normal hearts there was no 
difference in content for transmural samples from the sep•
tum, lateral wall, anterior wall or posterior wall regions in 
five transverse rings from base to apex. The average values 
for samples in the four corresponding regions from the five 
rings of two sham hearts were: 3.46 ± 0.14,4.06 ± 0.21; 
3.74 ± 0.18,4.15 ± 0.25 mg/g, respectively. There was 
no difference in hydroxyproline content at the five levels 
from base to apex in the two sham hearts, or in nonoccluded 
regions from 30 of the 132 hearts. In contrast, infarct hy•
droxyproline content increased progressively over 6 weeks. 
A difference between hydroxyproline content in the infarct 
center zone and the normal nonoccluded zone was detectable 
(p < 0.001) at 7 days and was more marked at 6 weeks. 
Compared with hydroxyproline levels in noninfarcted re•
gions, the percent increase in infarct hydroxyproline was 
7% at 1 day, 6% at 2 days, 127% at 7 days, 726% at 2 
weeks, 985% at 4 weeks and 1,268% at 6 weeks. 
Regional differences in infarct hydroxyproline. The 
increase in infarct hydroxyproline content during 6 weeks 
was found in center, margin and border regions of the infarct 
from 88 hearts (Table 1). Thus, moving across the infarct 
along the wall, there was a gradient in hydroxyproline from 
border to center regions, with highest values at the center. 
The difference in hydroxyproline content among center, 
margin and border regions was statistically significant at 2 
weeks and thereafter. 
Regional differences in transmural distribution of hy•
droxyproline, from inner to outer wall regions, were also 
found (Table 2). In both nonoccluded and "occluded" nor•
mal zones in sham and no infarct groups, hydroxyproline 
content in the epicardium and endocardium exceeded that 
in the midwall. This difference was also present in the 7 
n=17 
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Figure 4. Temporal changes in myo•
cardial hydroxyproline content. 
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Table 1. Regional Hydroxyproline (mg/g dry weight) as a Function of Time Since Infarction 
Infarct Normal Infarct Infarct Infarct 
Group No. Zone Border Margin Center 
2 Days 41 4.1 ± 0.1 5.5 ± 0.3 4.5 ± 0.2 4.9 ± 0.2 
7 Days 18 4.3 ± 0.2 6.3 ± 0.3 7.9 ± 0.6 8.5 ± 0.9 
2 Weeks 3 3.8 ± 0.2 18.4 ± 5.4 21.2 ± 1.8 31.6 ± 11.6* 
4 Weeks 9 3.9 ± 0.1 10.2 ± 0.6 24.3 ± 5.7 44.9 ± 8.9* 
6 Weeks 17 4.1 ± 0.2 20.7 ± 2.9t 38.4 ± S.3t 53.8 ± 3.S*t 
*p :5 0.05 compared with values in other regions within the group; tp :5 0.05, significance of difference 
between 2 days and 6 weeks in corresponding regions. Values are mean ± SEM. 
day infarct group. However, in 6 week infarcts, a gradient 
from the epicardium to endocardium was present (51.3 ver•
sus 31.1 mg/g, p < 0.05). In all three regions, hydroxy•
proline values were greater (p < 0.001) in the 6 week than 
in the 7 day infarct groups or the sham or no infarct group. 
Infarct size and hydroxyproline. The infarct or scar 
size data in the 111 infarcted hearts are summarized in Table 
3. The average mass of the left ventricle and occluded bed 
was similar among groups. However, infarct mass (in grams, 
as percent of left ventricle or as percent of occluded bed) 
tended to decrease over 6 weeks. This effect of infarct 
contraction reached statistical significance (p s 0.005) for 
infarcts at 4 and 6 weeks. The mean values of infarct size, 
as percent of the occluded bed, for anterior descending 
versus circumflex infarcts in hearts shown in Table 3 were 
as follows: 1 day, 68.6 ± 4.3 versus 20.4% (NS); 2 days, 
55.3 ± 4.1 versus 48.3 ± 3.1 % (NS); 7 days, 46.5 ± 4.2 
versus 35.7 ± 5.4% (NS); 2 weeks, 61.8 versus 27.3 ± 
9.7 % (NS); 4 weeks, 31.3 ± 6.5 versus 21.8 ± 6.1% 
(NS); and 6 weeks, 42.9 ± 4.4 versus 31.9 ± 4.2% (NS). 
Significant correlations were found between the com•
puted total infarct collagen (average collagen content in 
milligrams per gram multiplied by infarct mass in grams) 
and infarct size as percent of left ventricle at each time 
period (Fig. 5). The slopes of the linear regressions were 
greater (p < 0.05) at 6 weeks compared with those at 4 
Table 2. Transmural Distribution of Hydroxyproline (mg/g dry 
weight) in Nonnal and Infarct Zones 
Normal Zones Infarct Zones 
Nonoccluded 
Zones of All Sham/No 7 Day 6 Week 
Three Infarct Infarct Infarct 
Groups Group Group Group 
(n = 26) (n = 12) (n = 9) (n = 5) 
Epicardium 5.1 ± 0.4 5.3 ± 0.5 7.4 ± 0.7 51.3 ± S.9t 
Midwall 3.8 ± 0.3* 3.7 ± 0.3* 4.9 ± 0.3* 41.8 ± 6.lt 
Endocardium 5.5 ± 0.4 5.4 ± 0.4 6.7 ± 0.5 31.1 ± 7 7t 
*p :5 0.05, significance of difference compared with other zones within 
the group; tp :5 0.005, significance of difference compared with corre•
sponding zones among groups. Values are mean ± SEM. 
weeks, 7 days or 2 days (38 versus 22 versus 8 versus 3, 
respectively). The increasing slope during healing might be 
a reflection of increasing hydroxyproline deposition and in•
farct contraction. 
Topographic changes during infarct healing. The main 
topographic measurements for the mid-left ventricular re•
gion in 108 hearts with an infarct 2 days to 6 weeks old 
and 21 sham or no infarct hearts (controls) are summarized 
in Table 4. First, infarct area, infarct circumference, infarct 
endocardial segment and infarct area/area of the left ven•
tricular tissue decreased (p < 0.025) progressively between 
2 days and 6 weeks wheareas the thinning ratio decreased 
sharply after 4 weeks (p < 0.001). The percent decreases 
in total infarct area at 7 days and 4 weeks, compared with 
2 days, were 24 versus 59% for areas in square centimeters 
and 19 versus 57% for areas as percent of left ventricle. 
The infarct epicardial segments could not be measured in a 
sufficient number of hearts for meaningful comparisons be•
cause the majority of infarcts were subendocardial with nor•
mal subepicardial rims in midventricular transverse sections. 
Even the maximal transmural extent of infarction (as percent 
full wall thickness) in the rings with the largest infarcts 
averaged between 80 and 90% among the groups. The thin•
ning ratio after 4 weeks was less than at 2 days (0.94 versus 
0.71, P < 0.00 1 ); the percent decreases compared with 
values in control hearts were 8% at 7 days, 28% at 4 weeks 
and 28% at 6 weeks. Thus, these "subendocardial" infarcts 
showed progressive resorption and compaction but late 
thinning. 
Second, cavity dilation and infarct expansion occurred 
early, being detectable in 7 day infarcts, and were associated 
with increased endocardial but not epicardial circumference. 
Thus, cavity area and endocardial circumference in 7 day 
infarcts were greater (p < 0.05) than in control hearts but 
similar to those in 2 week, 4 week and 6 week infarcts. 
Compared with control hearts, the percent increases in cav•
ity area were 18% at 2 days, 28% at 7 days, 23% at 4 weeks 
and 33% at 6 weeks, whereas percent increases in endo•
cardial circumference were 22% at 2 days, 28% at 7 days, 
26% at 4 weeks and 28% at 6 weeks. However, the area 
and circumference of the epicardial outlines did not change 
in infarcts between 2 days and 6 weeks and were similar to 
96 lUGDUTT AND AMY 
INFARCT HYDROXYPROLINE AND TOPOGRAPHY 
Table 3. Infarct or Scar Size Data During Healing 
Occluded 
Infarct LV Mas, Bed Ma,s 
Group No. (g) (gJ 
I Day 3 75.5 ± 1.2 22.7 ± 1.8 
(60.0 to 89.3) (10.3 to 28.8) 
2 Days 54 85.7 ± 2.8 27.5 ± 1.5 
(49.9 to 145.0) (3.5 to 43.1) 
7 Days 25 80.9 ± 37 23.9 ± 2.7 
(56.7 to 121.2) (9.7 to 78.5) 
2 Weeks 3 76.2 ± 3.5 23.6 ± 5.7 
(70.2 to 76.1) (17.9 to 29.3) 
4 Weeks 9 74.2 ± 3.4 20.2 ± 1.6 
(59.8 to 91.5) (12.1 to 25.2) 
6 Weeks 17 75.3 ± 3.9 19.3 ± 1.9 
(38.4 to 118.6) (3.9 to 33.3) 
Infarct Occluded 
Mass Bed/LV 
(g) ('k) 
13.9 ± 1.5 30 I ± 1.2 
(2.1 to 210) (17.2 to 32.3) 
140 ± 1.0 31.9 ± 1.5 
(0.9 to 30.7) (7.0 to 53.6) 
11.3 ± 2.1 313±2.7 
(I 2 to 54.6) (11.3 to 67.1) 
8.2 ± 5.3 31.9 ± 6.5 
(6.6 to 18 I) (25.5 to 38 5) 
5.5 ± LOt 27.4 ± 2.2 
(1.8 to 9.5) (17.2 to 38 4) 
6.5 ± 0.7* 26.3 ± 2.3 
(2.0 to 13.0) (36 to 43.6) 
Infarct! 
LV 
(%) 
18.5 ± 1.5 
(3.5 to 23.5) 
16.3 ± 1.0 
(1.8 to 24.8) 
13.9 ± 19 
(1.1 to 45.1) 
11.1 ± 6A 
(94 to 23.8) 
7.9 ± I 6* 
(2.3 to 14.3) 
9.7 ± 1.0* 
(5.21 to 16.0) 
lACC Vol 7. No I 
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Infarct! 
Occluded Bed 
('k) 
52.5 -t I 9 
(20A to 72.9) 
509 ± 2.5 
(24.8 to 83.7) 
43.0 ± 3A 
(9.7 to 69.6) 
32.9 ± 62 
(37.0 to 61.8) 
27.1 ± 4.3* 
(8.0 to 44.7) 
35 8 ± 3.3* 
(19.2 to 60.8) 
*p :s 0.001. tp :s 0.005. sigmficance of difference from 2 day group. Values are mean ± SEM Ranges are shown In parentheses. Dog heart, 
without visible infarcts or scars are excluded. LV = left ventncle. 
values in control hearts. The infarct expansion index in 7 
day infarcts was not only greater than in control hearts (p 
< 0.05) but increased further by 6 weeks (p < 0.05); the 
percent increases compared with control values were 9% at 
2 days, 19% at 7 days, 25% at 4 weeks and 29% at 6 weeks. 
Third. minor changes occurred in noninfarcted tissue. 
rhu~, compared with control values, normal tissue area was 
Figure 5. Linear regressions between total infarct collagen and 
infarct size. 
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equally less (p < 0.05) in 2 day and 6 week infarcts while 
the normal endocardial segment was less in 2 day infarcts 
(p < 0.025) but not at 6 weeks owing to an increase (p < 
0.025). Also, total tissue area in 7 day infarcts was less 
than in control hearts (p < 0.025) but similar to that in 6 
week infarcts. The hydroxyproline and topographic changes 
over 6 weeks are summarized in Figure 6. 
For the different infarct groups (2 days, 7 days, 4 weeks 
and 6 weeks), there were no statistically significant corre•
lations between I) the thinning index and collagen content 
(r ::s: 0.34) or infarct size as percent of left ventricle (r :5 
0.44); and 2) the expansion index and collagen content (r 
::s: 0.21) or infarct size as percent of left ventricle (r ::s: 
0.49). However, there was an inverse relation between ex•
pansion index (EI) and thinning ratio (TR) within each group, 
or for all groups combined (EI "" -0.31 TR + 1.43, r = 
- 0.41, P < 0.001, SEE = 0.14). An inverse correlation 
was also found between mean values of expansion index 
and thinning ratio for the different groups. In addition, this 
plot showed an abrupt leftward and upward shift between 
2 and 4 weeks, with an increase in expansion index to about 
1. 3 for a thinning ratio of 0.7. 
Anterior versus posterior infarct location. Left cir•
cumflex artery ligation resulted in a posterior infarct that 
was large in the basal and smaller toward the apical regions 
of the occluded bed. In contrast, left anterior descending 
artery ligation resulted in an anterior infarct that was smaller 
in the basal and larger toward the apical regions of the 
occluded bed. Despite these differences, similar results in 
anterior and posterior infarct5 were found for 1) infarct 
hydroxyproline distribution at the five levels below the li•
gation. from base to apex; 2) infarct size change~ between 
2 days and 6 weeks; and 3) topographic measurements be-
Table 4. Topographic Measurements at Different Stages of Healing 
Infarct! 
CIrcum Endo Infarct MaxImal Normal Area of Circum Area of Circum Area of Area of Normal 
Area of of Infarct Area! Transmural Wall Inner of Inner Outer of Outer LV Normal Expam.lOn Endo 
Infarct Infarct Infarct Segment LV Area Extent of Thicknes, LV Ring LV Ring LV Ring LV Ring TIssue TIssue Index Segment 
Group (cml) (cm) (cm) (%) Infarct (%) Ratio (cm2) (cm) (cm2) (cm) (cml) (cm2) Ratio (cm) 
2 Days 34 8.9 3 I 21 82 0.94 4.6 8.4t 21.6 16.5 17.0 136t 1.11 t 5.4t 
(n = 54) ±0.3 ±0.5 ±O 2 ±2 ±2 ±0.03 ±0.2 ±0.2 ±0.7 ±0.6 ±0.6 ±0.6 ±0.02 ±0.3 
7 Days 26 8.2 3.1 17 81 O.90t 5.0t 8.8t 20.6 16.1 15.6t 13.0t 1.21 *t 5.6 
(n = 25) ±0.4 ±0.7 ±0.3 ±2 ±3 ±0.02 ±0.2 ±0.4 ±0.8 ±0.8 ±0.6 ±0.7 ±0.03 ±0.4 
2 Weeks 2.7 6.2 1.9 17 80 0.92 4.5 8.3 20.4 16.0 15.9 13.6t 1.20t 6.4 
(n = 3) ± 1.5 ±3.3 ± 1.1 ±2 ±9 ±0.08 ± 1.0 ±0.9 ± 1.5 ±2.1 ±0.9 ±2.1 ±0.08 ±2.0 
4 Weeks 1.4* 6.0* 1.6* 9* 91 0.71*t 4.8 8.7t 20.1 15.9 15.3 14.0t 1.27*t 6.6 
(n = 9) ±0.2 ±0.7 ±0.4 ±2 ±5 ±0.06 ±0.8 ±0.6 ± 1.0 ±l.l ±0.7 ±0.8 ±0.05 ±0.6 
6 Weeks 1.8* 5.5* 1.9* 11* 91 0.71*t 5.2t 8.8t 21.8 16.5 16.7 14.9t 1.32*t 6.9* 
(n = 17) ±0.2 ±0.6 ±02 ±I ±4 ±0.03 ±0.5 ±0.5 ± 1.0 ±0.9 ±0.6 ±0.7 ±0.04 ±0.5 
No infarct 0 0 0 0 0.98 3.9 7.4 21.7 16.5 17.6 17.6 1.02 7.4 
and sham ±0.02 ±0.2 ±0.2 ±0.8 ± 1.0 ±0.6 ±0.6 ±0.02 ±0.2 
(n = 21) 
*p :5 0.05, sIgnificance of dIfference compared WIth 2 day group; tp :5 0.05, significance of difference compared with no Infarct and sham group. Circum 
clfcumference; Endo = endocardial; LV = left ventricular. Values are mean ± SEM. 
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Figure 6. Summary of changes in topography (top) 
and percent increase in infarct collagen (bottom) dur•
ing healing in the canine modeL Stippled area in-8§ 
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tween 2 days and 6 weeks. Figures 7 and 8 show examples 
of anterior and posterior infarcts, respectively, with wall 
thinning, regional shape distortion and fibrotic tissue at 6 
weeks. 
Discussion 
Infarct hydroxyproline. There were four major find•
ings in this study. First, healing in canine infarcts was as•
sociated with a detectable (nearly twofold) increase in infarct 
hydroxyproline by 7 days and a further fivefold increase by 
6 weeks. In addition, the percent increase in infarct hy•
droxyproline reached a plateau by about 6 weeks. Also, at 
different time periods during the 6 weeks, I) total infarct 
hydroxyproline was directly related to total infarct size; and 
2) a gradient in hydroxyproline was found across the infarct, 
with more in infarct center than margin and border regions 
although the amount of noninfarct tissue also increased from 
border to center transmural samples. However, a transmural 
gradient in infarct hydroxyproline, with more in the epi•
cardial than endocardial third, was found at 6 weeks. These 
findings are in agreement with the histologic findings that 
showed that healing with fibroblast proliferation and col•
lagen deposition proceeds from the epicardial and lateral 
borders of the infarct, and scar tissue predominates by 4 to 
6 weeks. Hammerman and coworkers also reported more 
hydroxyproline in infarct than normal regions in dogs with 
anterior descending artery infarcts at 7 days (19) and 6 weeks 
(20), with values within the ranges in our study. However, 
temporal changes in canine infarct hydroxyproline over 6 
weeks have not been reported previously. 
Left ventricular cavity dilation. Second, left ventric•
ular cavity dilation developed early after infarction, with a 
28% increase from control value at 7 days and little further 
increase by 6 weeks. This increase in cavity area was as•
sociated with a parallel increase in endocardial circumfer•
ence but no change in the area enclosed by the epicardium 
or the epicardial circumference, suggesting that cavity di•
lation occurred mainly along the endocardial surface. This 
lack of epicardial dilation might have been due in part to 
pericardial restraint. 
Infarct contraction and thinning. Third, the infarcts 
underwent progressive resorption and compaction over 6 
weeks, but infarct contraction and thinning were more marked 
between 4 and 6 weeks. Thus, infarct area decreased by 
59% and total infarct mass decreased by 57% between 2 
days and 4 weeks. Also, infarcts showed a 28% decrease 
in thinning ratio and a 25% increase in expansion index by 
4 weeks, compared with control values. Although the ex•
pansion index was inversely related to the thinning ratio for 
each time period, the relation for the average values at 
different time periods suggested a further small (5%) but 
sharp increase in expansion once marked thinning (thinning 
ratio 0.7) developed at 4 weeks. Furthermore, the endo•
cardial segment was shorter by 39% at 2 weeks and 48% 
at 4 weeks compared with 2 day infarcts, but it was 9% 
longer at 6 weeks, suggesting further mild expansion in a 
circumferential direction between 4 and 6 weeks. These 
changes were associated with an increase in transmural ex•
tent of infarction from 80 to 82% between 2 days and 2 
weeks to 91 % at 4 to 6 weeks, suggesting loss of infarct 
and normal tissue in a transmural direction, presumably due 
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Figure 7. Midventricular and apical sections of anterior infarcts 
at 2 days (A,B) and 6 weeks (C,D). Arrows indicate infarct or 
scar regions. 
to resorption and compaction. An inverse relation between 
the expansion index and thinning ratio was also reported by 
Hammerman et al. (19) in 9 dogs with 7 day old infarcts 
after anterior descending artery ligation. Although their 7 
day values of expansion index and thinning ratio, computed 
by averaging values from all sections with infarct (19), were 
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different from those of the mid ventricular section in our 
study, they were similar to our corresponding averaged values. 
Noninfarcted myocardium. Four structural changes in 
noninfarcted myocardium were minor and not sufficient to 
replace myocardial tissue loss by 6 weeks. Thus, compared 
with 2 day infarcts, 1) the percent decrease in total ven•
tricular tissue area was least at 6 weeks (2 versus 8%, NS); 
2) the area of noninfarcted tissue at 6 weeks was 10% more 
than at 2 days but still 15% less than in control hearts; and 
3) the increase in endocardial length of noninfarct tissue 
was highest at 6 weeks (28%), but the length at 6 weeks 
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Figure 8. Midventricular and apical sections of posterior infarcts 
at 2 days (A,B) and 6 weeks (C,D). Arrows indicate infarct or 
scar regions. 
was still 7% less than in control hearts. It is possible that 
more compensatory volume overload hypertrophy would 
have developed after 6 weeks, especially if the infarcts were 
100% "transmural." 
Healing of infarcts in rats, dogs and humans. Infarct 
expansion, infarct contraction, cavity dilation or hypertro•
phy have been reported in rats, dogs and humans (5-7,13-26). 
Although temporal changes in infarct topography might be 
similar between rat or dog models and humans, some dif-
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ferences should be noted. First, infarcts in rat and dog models 
differ in location and transmurality. Thus, rat infarcts are 
produced by ligating the left main coronary artery, involve 
the anterior left ventricular free wall with sparing of the 
septum and are predominantly transmural (13-15,21-24). 
In contrast, dog infarcts are produced by ligating either the 
circumflex or anterior descending branches of the left coro•
nary artery, involve the anterior or posterior ventricular 
wall, often extend into the septum and are predominantly 
subendocardial (27). Human infarcts more closely resemble 
dog infarcts in location but tend to be transmural. In this 
study, topographic changes were similar in anterior and 
posterior infarcts whose maximal transmural extent was 80 
to 91%. 
JACC Vol 7. No I 
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Second. the rate of healing is different. as might be 
expected with the greater mass of both hearts and infarcts 
from rats to humans. Thus, infarct healing is completed by 
3 weeks in the rat (13,15) but continues beyond 6 weeks 
in humans, with evidence of incomplete healing in large 
transmural infarcts even at 6 months (I). Our histologic, 
hydroxyproline and topographic data suggest that mfarct 
healing in the dog is completed by about 6 weeks. 
Third. remodeling of left ventricular topography (15) 
occurs. but the timing is different. In a retrospective study 
(I5) of rat infarcts, cavity dilation and tissue loss at 2 days 
were followed by infarct contraction and compensatory hy•
pertrophy by 21 days (I5). However, Rubin et al. (14) 
suggested that compensation in rat infarcts might be incom•
plete even by 5 weeks. Thus, in 5 week rat infarcts ranging 
in size from I to 51 % of the left ventricle, they found 
hypertrophy with large infarcts (> 15% of the left ventricle) 
but a plateau effect with infarcts larger than 30% of the left 
ventricle. Therefore, it is not surprising that evidence of 
compensatory hypertrophy in dog infarcts was negligible at 
6 weeks in our study. Nevertheless, our findings of cavity 
dilation and decreased left ventricular tissue area within 7 
days followed by infarct contraction and elongation of the 
noninfarcted myocardium between 4 and 6 weeks provide 
evidence for early and late remodeling of infarcts in the 
dog. It is likely that these events occur later in humans. 
Thus, after human myocardial infarction, expansion has 
been documented within 2 weeks using two-dimensional 
echocardiography (28) and collagen deposition found after 
2 weeks (2) but the timing of compensatory hypertrophy 
and late remodeling has not been studied. 
Conclusions. Healing after myocardial infarction in the 
canine model is associated with early cavity dilation and 
infarct expansion followed later by infarct thinning and in•
farct contraction but no significant compensatory hypertro•
phy at 6 weeks. Infarct collagen increases progressively and 
the increase plateaus by about 6 weeks. Collagen deposition 
in already expanded and thinned infarct segments might 
therefore explain the irreversible nature of regional shape 
distortion associated with left ventricular aneurysms. 
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